Almost 150 years after that Jevons (1866) published his paper "The Coal Question" a debate on mineral depletion has been ongoing between two main schools of thought: one that sees depletion as an important problem for the near future and another that sees technology and human ingenuity as making depletion only a problem for the remote future. Today, however, we have created intellectual tools that permit us to frame the problem on the basis of physical factors, in particular on the basis of thermodynamics. The present paper examines the problem of mineral depletion from a broad viewpoint, with a specific view on the role of energy in the mining and production processes.The conclusion is that energy is a fundamental factor in determining how long we can expect the supply of mineral resources to last at the present prices and production levels. The rapid depletion of our main energy resources, fossil fuels, is creating a serious supply problem that is already being felt in terms of high prices of all mineral commodities. Technology can mitigate the problem, but not solve it. In a non-remote future, the world's industrial system will have to undergo fundamental changes in order to adapt to a reduced supply of mineral commodities.
INTRODUCTION
The question of how long the supply of mineral resources can last started being asked in mid nineteenth century (Jevons, 1866) . Over the years, two poles of thought have developed. One emphasizes the limited amount of the available mineral resources and proposes that depletion will lead to a reduction of the supply in times short enough to be object of concern today (see e.g., Jevons, 1866; Meadows et al., 1972; Bardi and Pagani, 2007; Bardi, 2011; Mason et al., 2011) . The other emphasizes technology and human ingenuity, arguing that depletion is not a fundamental problem, at least for the foreseeable future (see e.g., Zimmermann, 1933; Lambert, 2001; Bradley, 2004 Bradley, , 2007 . In this second camp, some authors arrived to extremely optimistic statements; proposing that mineral resources will never be exhausted or will last billions of years (Simon, 1981) .
Much of the debate has been based on contrasting estimates of the amounts of mineral resources defined as "extractable." But the debate often misses a crucial element: mining requires energy. All processes that transform mineral resources into mineral commodities, from prospecting to beneficiation, require a steady supply of cheap and abundant energy. So, the problem of mineral depletion is strictly related to the availability of energy and here lies the problem. First, the world's main sources of primary energy are of mineral origin (fossil fuels) and their gradual depletion is making energy more expensive (see e.g., Odum, 1998; Jakobsson et al., 2012) . As a consequence, mining becomes more expensive as well. Then, mining requires more and more energy as the gradual depletion of high grade ores forces the industry to move to increasingly lower grade resource. These two effects combine in generating the problem: how long can we keep on producing at reasonable costs the large amounts of mineral commodities that the industrial economy requires?
In principle, if we could increase the energy supply without limits, there would be no limits to mining as we could recycle everything we use (Bianciardi et al., 1993) . This is the concept of the "universal mining machine," a term that indicates a hypothetical way of processing crustal rock or industrial waste that, in principle, would yield all the chemical elements needed in the desired amounts (Bardi, 2008) . A related concept has been termed the "Thanatia Earth Model" by Valero and Valero (2012) or the "Crepuscular Planet" (Valero et al., 2011) referring to a future Earth where human mining has dispersed all the chemical elements from their ores to their average concentration within the Earth's crust. But, obviously, mining the undifferentiated crust would require gigantic amounts of energy; far above anything we can manage today, to say nothing of the massive devastation of the planet, already considerably affected by the current practices of mining (Prior et al., 2012) . Hence, the limits to mining derive mainly from the limits to the amounts of energy which we may assume to be available in the future. Seen in this light, the problem of depletion will become serious much before actually "running out" of any mineral, as already noted in early depletion studies (Jevons, 1866; Meadows et al., 1972) .
However, it is also true that mining is not just a question of applying energy to some parts of the Earth's crust. It is a complex process that depends on many factors; technological, economical, and environmental. So, how is the increasing need of energy caused by depletion going to affect production in the near term and medium term future? What role can improved technology have in reducing the energy needed for accessing otherwise inaccessible deposits? How is pollution going to limit extraction and what role can play technology in abating it? The present paper examines these questions on the basis of data and theoretical models. The conclusion is that the energy problem is a fundamental factor in limiting the supply of mineral commodities to the world's economic system. Technology certainly can play a role in mitigating the problem, but it cannot, in itself, replace energy. At present, the depletion problem is already appearing in the form of high prices of all mineral commodities. This problem is likely to become more serious in the future.
ENERGY IN THE PRODUCTION OF MINERAL COMMODITIES
The term "mineral deposit" describes the occurrence of a chemical compound in the Earth's crust in concentrations higher than the average. When a deposit is sufficiently large and concentrated to be economically exploitable, it is called "ore." Other terms are used for some specific resources (e.g., "wells" for crude oil and gas and "seams" for coal) but all are part of the general idea that mineral resources can be exploited only when they can be found in sufficiently concentrated (or "high grade") forms.
Transforming ores into mineral commodities consists in a series of processes that separate the ore from the embedding rock matrix and transform it into compounds of specific purity and chemical composition. We could say that mining is a multi-stage chemical reaction and, as such, it involves breaking and creating chemical bonds at all the stages of the process. All chemical reactions are characterized by a chemical potential that describes the balance of the energy gained and lost in rearranging chemical bonds. The function called "Gibbs Energy" is often used in chemistry to describe the tendency of a system to react and form specific chemical species. A more general measure of how far the system is from equilibrium can be obtained with the concept of "exergy" (see e.g., Szargut et al., 1988; Dincer and Cengel, 2001; Sciubba and Wall, 2010) .
The exergy of mineral deposits can be referenced to a "zero level" state that corresponds to the average concentration of the elements of the ore in the crust (Stanek et al., 2010) . The exergy of mineral deposits is larger than that of the zero level state as the result of energy provided in the remote past by complex geological processes which were generated by solar or geothermal energy, or both (Dill, 2010) . The more concentrated and pure a deposit is, the larger its exergy. Mineral commodities are usually more concentrated and purer than ores, so have an even larger exergy. For a deposit to qualify as "ore," the difference in exergy between the deposit and the mineral commodity to be produced must be provided at the expense of some energy source, normally fossil fuels. Obviously, the larger the exergy of the ore, the smaller the amount of energy necessary and hence the least costly the production of the mineral commodity will be.
In most cases, producing mineral commodities (e.g., turning copper sulfide ores into metallic copper) requires expending energy. However, some mineral resources have accumulated such a high amount of exergy as the result of past processes that returning them to the zero level state generates usable energy. This is the case of fossil fuels (oil, gas, and coal) which are mined for their ability of producing energy when returned to carbon dioxide dispersed in the atmosphere. This is also the case of the 235 isotope of uranium; the only fissile nucleus naturally present in significant amounts in the Earth's crust.
Ideally, a complete accounting of the cost of producing mineral commodities should take into account the exergy and resource costs involved in the whole process (Sciubba, 2004) . However, this is rarely done in the real world and, in most of the literature on the subject, only monetary and energy costs are considered. Such a practice has obvious problems: monetary costs change as a function of the vagaries of the market and even when energy units are used the problem is that different kinds of energies (e.g., thermal, mechanical, etc.) are not separated. For instance, diesel fuel used in mining can be characterized in terms of its chemical energy. However, when the fuel is used to generate mechanical power, the limited efficiency of the thermal engine must be considered. Not taking into account this difference may create considerable problems when describing actual industrial processes. In several cases, however, the differences between "energy" and "exergy" can be neglected as when, for instance, discussing the effect of varying ore grades on energy expenditures for extraction; assuming that the same extraction technology is used. Hence, in the present paper, the term "energy" will be normally used referring to amounts of energy which can be quantified in terms of prices and costs. Whenever possible, however, the different energy qualities involved will be specified.
Having stated this point, we can say that several factors affect the energy requirement for the mining of a mineral resource. As a first approximation, we can expect this energy to be inversely proportional to the concentration of the desired specific element or compound. In other words, halving the ore grade should lead to a doubling of the necessary energy for extracting the same amount of mineral. The data for actual minerals confirm this interpretation, for instance for gold (Mudd, 2007; Prior et al., 2012) , copper (Harmsen et al., 2013) , and several more resources (Valero et al., 2013) . Rapid increases as a function of declining grade are also observed for other resources used for mining: water, chemicals, and more (Prior et al., 2012) .
How fast the energy needed rises with depletion depends on the actual distribution of ores in the Earth's crust. Here, the empirical "Lasky's Law" states that there exists an inverse relationship between ore grade and the size of deposits (Lasky, 1950) , an approximation that can be considered valid in many cases. In some cases, and in particular for oil resources, the relation follows a power law, i.e., is fractal (Turcotte, 1986) . It has also been suggested that intermediate concentrations between mineral deposits and undifferentiated crust may be rare or even non-existing; a concept defined as the "mineralogical barrier" (Skinner, 1976 (Skinner, , 1979 . Such a barrier would provide a considerable obstacle to mining low concentration ores, but it appears to be still far away from the practical mining capabilities existing today. In any case, within the range of ores mined today, the variation of ore grade being mined as a function of time seems to be defined mainly by market factors rather than by geological ones.
We can now examine the various steps involved in the production of mineral commodities. Despite the many variations on the theme, some basic common features can be listed and examined. As a first subdivision, mining operations can be grouped in three main categories: (1) extraction, (2) materials handling, and (3) processing. Some data on the relative energy costs are reported for mining in the US by EERE (energy efficiency and renewable energy agency) (Mining Overview, 2002) . Handling turns out to be the largest energy cost, as it accounts for 42% of the total consumed, with 87% in the form of diesel fuel. From this datum, we can conclude that diesel fuel accounts for at least 35% of the average energy cost of mining, at least in the US. Processing consumes 39% of the energy, of which crushing and grinding activities account for 75% of the total. The remaining 19% of energy in mining is consumed by extraction activities.
Let's now examine more in detail the various steps of the production of mineral commodities with the objective of determining how energy use is affected by depletion. For the purpose of this discussion, we can take into account the following five steps:
1. Exploration/prospection (locating exploitable mineral resources) 2. Drilling/excavating (accessing underground mineral resources) 3. Lifting/hauling (transporting minerals to processing facilities) 4. Processing/beneficiation (separating useful minerals from the rock matrix) 5. Smelting/refining (transforming minerals into metals or specific chemical compounds)
Let's now describe how each step is related to energy.
EXPLORATION/PROSPECTION
Mineral deposits are unevenly distributed over the Earth's surface as the result of past geological and bio-geological processes. "Exploration"and"Prospecting"both refer to the action of locating the presence of ores and deposits. Mineral exploration (Hronsky and Groves, 2008) normally refers to large scale, systematic examination of entire regions. Prospecting, instead, normally refers to actually locating exploitable deposits. The art of finding mineral ores is complex and based on a deep knowledge of the geological characteristics of the deposits being sought and on the processes that led to their formation in remote times. In some cases, the physical characteristics of the mineral can make prospecting relatively easy, such as for uranium, whose presence can be mapped by its natural radioactivity. In other cases, deposits can be detected by surface manifestations, such as when oil or gas deposits are revealed by the presence of bitumen pools or flammable gas exhalations. In many cases, however, prospecting relies on finding specific geological formations where it is known that a specific mineral can exist. For instance, in the case of petroleum and gas, it is possible to detect the presence of suitable underground "trapping" formations. In general, exploration and prospecting require energy for all the needed infrastructures, for transporting people and equipment in promising areas, and for performing a variety of physical tests, including for instance, exploratory drilling. In itself, the energy required for exploration and prospection is probably a minor factor in the energy cost of producing mineral commodities (Mining Overview, 2002) . However the effectiveness of prospection does have an important effect related to the energy expended to explore promising regions which, however, turn out to be economically uninteresting (in oil exploration, they are called "dry holes").
DRILLING, EXCAVATING, AND/OR BLASTING
These terms refer to the operations needed to get at the mineral ores, which normally requires the removal of large amounts of rock since ores are rarely found in significant amounts at or close to the ground surface. However, it is also true that many kinds of ores tend to form as the result of surface or near surface processes, e.g., hydrothermal ones, so that large depths are often uninteresting for mining. Hence, there exist a finite range of depths where ores can be found. This range is not rigidly fixed and the concept of "second mineralization exploration space" refers to deposits located at depths higher than the conventional ones. In this respect, it has been estimated that during the past few decades the exploration depth has increased of some 50 m/year on the average (Pengda et al., 2008) . In practice, most conventional mines don't go below 1-2 km of depth. In the case of hydrocarbons (oil and gas) drilling can reach depths up to about 10 km, but normally extraction is performed at much lower depths. Drilling tunnels or, more commonly nowadays, working with the concept of surface (or "strip") mining requires large amounts of energy used for removing huge volumes of bedrock. That is often accomplished with explosives, followed by the mechanical removal of the rubble. In general, the energy costs of these operations are expected to show an increase inversely proportional to ore grade if the depth of mining remains constant. But as it is likely that accessing lower grade resources requires also going deeper, the relationship is likely to be steeper. The data for copper indicate that the energy requirement for open pit copper mining increases of a factor of 2.9 MJ/kg Cu per 100 m depth increase for an average dept of about 500 m (Harmsen et al., 2013) . However, the relationship depends on the volume of overburden that has to be removed and, since open pits mines are cone-shaped, the amount of energy needed is likely to increase faster than proportionally to depth.
LIFTING AND HAULING
These terms refer to transportation of the ore from the mine to ground level and then to processing facilities, typically by special trucks powered by diesel engines (Mining Overview, 2002 ). The energy cost of transportation and hauling is often the largest in the whole mining operation (Norgate and Rankin, 2002) . Only in some cases it can be small as, for instance, when the production of a coal mine is used to fuel for an electric plant located very close to it. In this case, it is less expensive to transport energy in the form of electric power using the grid than to transport coal on roads or rail. Again, the energy cost of this operation is expected to be proportional to the volume of mineral extracted and, hence, inversely proportional to ore grade.
PROCESSING AND BENEFICIATION
These terms indicate the separation of the useful minerals from a matrix usually referred to as the"gangue."This operation normally requires large amounts of energy for crushing and pulverizing the rock ("comminution") (Wills, 1990) and for chemical or physical processes needed to leach the mineral out (Valero and Valero, 2012) . Only in very special cases this operation is not necessary. In the early times of mining, minerals could be found already separated by the matrix that had contained them, such as in the case of gold nuggets found in rivers. Also in the case of hydrocarbons such www.frontiersin.org as oil and gas, the different fluidity of the mineral (gaseous or liquid) and of its matrix (solid) often permits separation without the need of extra energy, exploiting the internal pressure of the well. However, once the internal pressure ceases to be sufficiently high, pumping becomes necessary and that is an energy cost. Depending on the viscosity of the fluid and on the permeability of the rock, extraction may also require complex and expensive operations such as hydraulic rock fracturing ("fracking") by injection of high pressure fluids in the well. In other cases, a solid mineral can be separated by the matrix by "in situ" solubilization processes, e.g., by means of acid leaching. It is a method of mining used, for instance, for uranium (Eligwe et al., 1982) and gold (Martens et al., 2012) . Generally speaking, the energy cost of all these operations is expected to be proportional to the volume that needs to be processed and, therefore, it is inversely proportional to the grade of the resource. Often, these processes also create considerable pollution problems, which add to the overall cost of the operation.
SMELTING/REFINING
In many cases, the mineral obtained by the processes described above is in a chemical form that requires further processing. For most metals this phase takes the name of "smelting" and it consists in transforming ores in the form of oxides or sulfides into pure metals. This operation usually requires reducing agents such as coal for smelting iron ores. Some sulfides can be transformed into pure metals by roasting in air while several metals are obtained nowadays by electrochemical methods, for instance in the case of metallic aluminum obtainable from oxides. All these processes require energy and the more modern ones -electrochemical onesrequire the most energy. Note in this context that electric power is the highest quality energy available and therefore the one with the highest exergy level. As a consequence, care should be taken when comparing different smelting processes using different forms of energy. Many metals or other chemical compounds require further processing before they can be marketed as commodities. There exists a large variety of such processes that usually tend to purify materials or to add components to produce alloys of commercial interest -an example is the addition of chromium and carbon to iron (as well as other elements) to transform it into stainless steel. Some minerals require highly sophisticated (and energy expensive) purification methods. An example is silicon, which exists on the market in several purities: as "metallurgical grade" (ca. 99.7% pure), as "solar grade" (typically 99.999% pure), and as "electronics grade" (99.9999% pure or even more). In some cases, isotopic fractioning is necessary to produce marketable commodities, such as when uranium is enriched in the fissile isotope U(235) in order to be usable in the current nuclear energy technology (or to manufacture nuclear weapons). All these operations are performed on already beneficiated material, therefore the energy needed is not dependent on the original ore grade.
From this discussion, we can conclude that the energy needed to extract and produce a mineral resource depends on the sum of two factors: one is related to ore grade (e.g., lifting, hauling, crushing, etc.) and it is normally inversely proportional to it. The other is mainly related to the chemical energy of the compound being extracted (e.g., smelting) and it is not directly related to ore grade. In practice, extracting a resource and transforming it in a mineral commodity often means to minimize the energy needed as a function of these two terms. This amount of energy can be quantified by the method known as life-cycle assessment (LCA). Several such assessments have been performed for various minerals (e.g., Norgate and Haque, 2010) . The results indicate that, for some metals, such as copper, the energy requirement for mining and beneficiation is prevalent. For others, such as aluminum, the reduction process that transforms the oxide into a metal is the most energy expensive operation. Considering copper as an example, at present, the energy needed to produce copper metal from its ores is in the range 30-65 MJ/kg (Norgate et al., 2007) with an average value of 50 MJ reported by Ayres (2007) . Using the latter value, we find that we need about 0.75 EJ for the world's copper production (15 million tons/year).
The Table 1 lists the specific energy needed for the production of some common metals, together with the total energy requirement for the world production in recent times (adapted from Bardi, 2011) .
The sum of the energies reported in the table above makes a total of more than 30 EJ. Considering that many more mineral commodities are produced in the world and that the global yearly production of primary energy is ca 500 EJ (Statistical Review of World Energy, 2013), we may conclude that the energy used by the mining industry is in the range of 5-10% of the total primary energy produced in the world, a value consistent with other estimations (Goeller and Weinberg, 1976; Rábago et al., 2001) .
Clearly, mining is energy intensive and the analysis reported so far indicates that the need of energy is deeply embedded within the very concept of mining. All mining operations are thermodynamically uphill (exergy intensive) as the result of the need to fight against the dispersion of the materials mined in a rocky matrix and of smelting useful metals from their mineral form of, typically, oxides and sulfides. In this series of operations, the billions of years of geological history of the Earth have provided a substantial advantage by concentrating minerals in the form of ores, thereby greatly reducing the need for energy. But high grade ores are being gradually depleted and the need for energy in extraction increases. The following section will examine how this phenomenon is affecting the economy today and how it may affect it in the future.
MINERAL EXTRACTION AND THE ECONOMY
Economic theories relative to mineral extraction go back to Ricardo et al. (1819) who examined for the first time the expected behavior of the price of mineral resources as a function of depletion. A more detailed theory was later developed by Jevons (1866) . Both Ricardo and Jevons operated within the paradigm of economics as the "dismal science," under the influence of earlier work by Thomas Malthus; that is on the hypothesis of resource scarcity. They both arrived to the conclusion that gradual depletion of mineral ores would make exploitation more expensive. In a similar vein, in later times Harold Hotelling developed the model that is known today as the "Hotelling Rule" (Hotelling, 1931) . This model is extremely simplified, for instance it assumes that the extraction cost of the resource is zero and that it is not affected by depletion. Further, the model assumes that the firm that extracts the mineral has the complete monopoly of extraction, perfect knowledge of the amounts available, and wants to maximize its long term returns. By means of these assumptions, Hotelling could show that the firm can maintain a constant revenue over a finite time if the price of the resource rises at a rate determined by the current discount rate (assumed to be constant) and if production declines exponentially.
Hotelling's model proved to be popular over the years. It is still well known today and it appears to be at the basis of many commonly used price forecasting models. However it has been always difficult to use the model to describe historical trends. In many cases, the prices of mineral commodities did not show a gradual growth, but rather a "U-shaped" trend (Slade, 1982) . Furthermore, the production of most mineral resources didn't follow the gradual decline predicted by the model but an increase that was often found to be approximately exponential. Rather than attributing these discrepancies to limitations of the model, several authors concluded that the resource had been exploited only to a minimal fraction of the amount available (e.g., Houthakker, 2002) . Others concluded that falling prices showed that technological progress made the concept of "limited resource" meaningless. Exemplary in this sense is Julian Simon who, in his book "The ultimate resource" (Simon, 1981) , arrived to the conclusion that the worldwide mineral resources are "infinite" on the basis of the price trends of five commodities over a couple of decades. In practice, however, it is more likely that Hotelling's model does not provide a good description of real world trends, where firms do not have a perfect knowledge of the amount of resources available, are not "perfect monopolists" and do not usually work with the objective of long term profit maximization (see Reynolds, 1999; Hart and Spiro, 2011; Reynolds and Baek, 2012) .
Other models of mineral production take different approaches. One of the most common ones is the "functional model," also known as the "resource pyramid" that was perhaps described for the first time by Erich Zimmermann in a book titled "World Resources and Industry" (Zimmermann, 1933) . This model is part of a more general school of thought in economics known as the "Austrian school" which, when dealing with mineral resources, tended to downplay the effects of depletion, emphasizing instead human ingenuity and creativity (Bradley, 2007) . So, the functional model starts with the definition of "mineral resource," noting that it cannot be considered as a fixed amount but as something that depends on human needs and on human resources. In particular, the model starts from the geological observation that mineral deposits tend to exist in amounts which are inversely proportional to grade [Lasky's law (Lasky, 1950) ]. In other words, low grade resources are more common and more abundant than high grade ones. It is then assumed that technology can effectively counter the higher costs of accessing lower grade ores, a phenomenon also called the result of the "Factor X" (Petrie, 2007) . The final result is that there is no such thing as "running out" of anything; on the contrary, better technology makes it possible to access larger and larger stocks of resources. Hence, the model proposes the counterintuitive effect that, as we extract resources, they become more abundant. That is, we may be "running into" resources rather than "running out" of them (Odell, 2008) . This phenomenon is also commonly called "resource creation."
The functional model is the backbone of a certain way of viewing the future of the mineral industry that, indeed, has seen during the past decades both increasing production and increasing amounts of listed recoverable resources. The latter phenomenon is due to two distinct factors: the progress of exploration and increasing market prices. Higher prices "create resources" not in a physical sense but in the sense that it becomes profitable to mine from lower grade resources. However, there is a problem: higher prices can also reduce the demand and, as a result, defeat the apparent abundance created by the increase. To counter this objection, the functional model normally assumes that in all cases better technology will lower the need of energy. Unfortunately, this point has never been demonstrated, except in terms of generic claims on human ingenuity (see e.g., Simon, 1981; Bradley, 2004) .
A different and more quantitative attempt of modeling mineral extraction is based on the approach called "neoclassical economics." This line of modeling started with a rather famous paper by Solow (1956) . The concept of Solow's idea is that the world's economy can be described in terms of a "production function" that takes into account the main parameters affecting the output of the economic system. One commonly employed production function has a form termed "Cobb-Douglas" and, in its simplest form, it can be written as Ayres (1998) .
where "Y " is the economic output of the system, "L" is labor, and "K " is capital. "a" and "b" are adjustable exponents; sometimes called "elasticities." These exponents must be smaller than one in order to ensure diminishing returns to scale; a desirable characteristic if the function has to describe the real world. In his 1956 paper, Solow (1956) found that it was impossible to combine historical data with this function in order to fit the actual output of the US economy. Therefore, he added to the function an adjustable parameter as a multiplier that, later on, took the name of "Solow's Residual."This factor is also called"total factor productivity" (TFP) and it is often equated with "technological progress." Solow's model, therefore, is claimed to describe how technology can overcome material limitations and insure the growth of the economy in spite of mineral depletion. Indeed, Solow (1974) himself stated that "The world can, in effect, get along without natural resources," on the basis of the assumption that, in the production function, a decline in one of the factors can be compensated by an increase in another, e.g., the TFP. Starting with Solow's ideas, a more detailed model was developed by Stiglitz (1974a,b) and www.frontiersin.org later discussed by Nordhaus (1992) . According to Nordhaus, the production function can be written as:
The L, K, and Y symbols are adjustable parameters defined as "elasticities." Note that the function now contains a parameter standing for "land" (T ), one for the "flow of mineral resources" (R), and one for "human capital" or "level of technology" (H ). It is clear from the treatment in Nordhaus' paper that the "H " factor also has a variable parameter as exponent (Nordhaus, 1992) .
For the R parameter, Nordhaus proposed an exponentially decaying form as R = µS*e −µt , where S* is the initial endowment of the resource and µ an adjustable parameter, assumed to be larger than zero. Such a choice seems to be influenced by the results of the Hotelling rule, as described earlier on in this section. In the long run, this choice generates a gradual decline of the world's economic output. Obviously, there is a problem here: this behavior is the opposite of what has been observed for the real world for at least a century. So, the model counters the decline with the growth of the "H " factor (technology). This factor is assumed to grow exponentially as e ht with "h" an adjustable parameter assumed to be proportional to "progress." In his paper, Nordhaus (1992) shows that if h is larger than 0.0025 (one quarter than 1%) then its effect is sufficient to keep production growing even in the presence of declining mineral resources and other constraints. It can, therefore, fit the observed growing trends of the world economy up to the present time.
The Solow model and its subsequent refinements are interesting attempts to quantify how technology affects production and how it can overcome depletion. However, there are serious problems with this approach. One is that neither the R and h factors are actually measurable alone, only their combination can be deducted from historical data. So, we have no direct evidence that the h factor actually exists, nor that it can be equated to "technological progress." Indeed, it has been shown that if the increasing use of energy in the world system is factored into the production function, then there is no need of the abstract entity called TFP to justify the growth of mineral production in the world (Hall et al., 2001; Ayres, 2007; Warr and Ayres, 2010; Ayres and Voudouris, 2013) ; see also the criticism by Binswanger (1998) and Bastianoni et al. (2009) . Without energy and natural resources, there cannot be growth and technology, alone, cannot create resources that don't exist (Daly, 1997) .
Finally, we can discuss in this section the family of models based on "system dynamics" and which attempt to describe the evolution of the economic system as the result of a number of related factors that include renewable and non-renewable natural resources, but also population, pollution and more. Qualitatively, the origin of these models can be found in the work of Jevons (1866) and his "The Coal Question". Jevons did not explicitly link the cost of extraction to energy, but his considerations can be read in this sense. The limits to coal mining, according to Jevons, are determined by diminishing returns. With the gradual running out of the least expensive coal resources (low depth, high thickness of the vein, and other factors), the industry is forced to move toward more expensive resources, having to dig deeper or to exploit thinner veins. Jevons concluded that this effect would eventually make coal too expensive for the British industry. At that point, Jevons surmised that production would decline; a prediction that was realized in England around 1915 (Bardi, 2010) .
Jevons didn't use the term "progress" in the modern sense, but he referred to technological improvements as"inventions" and discussed their effect at length. His conclusion in this respect is known as the "Jevons paradox" and it states that technological improvements do not lead to a lower consumption of resources. On the contrary, the reduced costs derived from better technology lead to a higher consumption and faster depletion. Modern versions of the Jevons paradox are referred to as the "rebound effect" or the "Khazzoom-Brookes postulate" (Saunders, 2000) .
In modern times, quantitative models based on the same concepts were proposed, for instance, by Jay Forrester and by the group of researchers who performed the 1972 study titled "The Limits to Growth" (Forrester, 1971; Meadows et al., 1972) . These models did not take into account energy as a disaggregated parameter; rather, energy was embedded into the more general "non-renewable resources" stock, assumed to be finite. Nevertheless, the role of energy in the model is clear, although implicit. These models can be seen as thermodynamic systems that describe the degradation of a stock of energy in a number of stages. Resources are the stock at the highest thermodynamic potential, which gradually transforms into lower potential stocks: first industrial capital and population and, in the end, into pollution -the lowest potential of all (Bardi, 2013b ) (see also Garrett, 2011a,b) . This evolution can be seen as driven by the progressively lower "EROEI" (Energy return for energy invested) of the exploitation of fossil fuels Murphy and Hall, 2011) . In general, these models generate "bell shaped" curves (although not necessarily symmetrical ones) for the evolution of the various stocks and flows (e.g., industrial production) in agreement with the early empirical model proposed by Hubbert (1956) . These models are notable also because they are the only ones among those discussed so far which take explicitly into account the effect of pollution; a problem that cannot be neglected any more today and that is already causing serious problems, especially in relation to climate change. In the system dynamics approach, pollution is a stock that grows proportionally to the capital stock but also draws resources away from the capital stock as the result of the need of investments to fight pollution. The end result is that pollution hastens the decline of the production of mineral resources.
These models do not, normally, assume the existence of an endogenous "technological progress" parameter, and that has generated some criticism (as discussed in Bardi, 2011) . However, it is not true that these models cannot take into account the effect of technological change. Quite to the contrary, these effects were taken into account from the very first version of "The Limits to Growth" study (Meadows et al., 1972) . Increased resource availability and increasing capability of fighting pollution were considered in the calculations as exogenous factors and both can be seen as the effect of technological progress. The results of runs based on these assumptions are that the availability of larger amounts of resources leads to a more rapid growth of production and pollution and, eventually, to a more rapid crash of the stocks. In order to rig the models in such a way to avoid collapse, we need extremely optimistic assumptions that are equivalent -in practice -to the "universal mining machine" discussed earlier on in the present paper.
This description of several decades of modeling efforts in resource depletion cannot be considered as exhaustive but it should provide at least a summary of the most common viewpoints in this field. It appears that there exist several models that deal with the effects of mineral depletion on the world's economy, mostly incompatible with each other. Many of these models are highly abstract, some are not quantitative, several don't take into account fundamental physical parameters such as energy. So far, there does not appear to exist an agreement on how depletion and energy availability are going to affect the real world and it appears unlikely that such an agreement can be reached on the basis of discussions about theoretical models. In the following, the question will be examined more in detail by examining how, in practice, energy and technology affect mineral production.
TECHNOLOGY AND ENERGY IN MINING
The concept of "technological progress" is relatively modern; just as it is modern the concept that progress is expected to grow all the time and to bring us a better and better world. The first explicit statement that progress was expected to keep growing in a continuously increasing trend goes probably back to the golden age of science fiction Heinlein (1966) . Trust in technological progress does not seem to have abated since that time. Nevertheless, the concept of "technology" is complex and hardly definable in terms of simple parameters that can be plugged into a theoretical model. For what we are interested here; mineral depletion, we can list some basic forms of technology that can influence the situation.
1. Technology for increasing the efficiency of extraction. 2. Technology for increasing the efficiency of consumption (including recycling and reusing). 3. Technology for replacing scarce resources with abundant ones (substitution). 4. Technology in the form of sudden breakthroughs ("changing the rules of the game").
These cases can now be examined, one by one.
TECHNOLOGY FOR INCREASING THE EFFICIENCY OF EXTRACTION
This kind of technological progress is a cornerstone of the "functional model" described in a previous section. In this area, we can identify several examples of new technologies applied to extraction. In a number of cases, the new technology involves radical changes in the way a resource is extracted. An example is the use of cyanide solutions to recover gold (Logsdon et al., 1999) . This technology started to be used in the twentieth century, replacing older methods based on manual separation and on the use of mercury to form an amalgam. The cyanidation method turns out to be more effective in exploiting very low grade gold ores, allowing to recover the gold even when the gold particles are not visible by the naked eye. However, the effectiveness of the method doesn't mean that it is energy-efficient. LCA calculations show that gold cyanidation is more energy expensive and more polluting for the same weight recovered than most other processes to recover metals from ores (Norgate and Haque, 2012) . It is only the relatively small amount of gold produced worldwide that makes the overall damage of cyanidation on the environment not so high as that of other metals. Even so, alternatives to cyanidation are actively sought (Hilson et al., 2006) , although so far without success. The case of gold illustrates a typical situation with new mining technologies.
The new technology permits to access lower grade resources, but it is not necessarily leading to a reduction in the amount of energy needed.
A different kind of technological progress consists in maintaining the current processes, but modifying them in order to use less energy. This result can be obtained by such actions as reducing the lighting, reducing the energy used in air conditioning, changing to variable speed drives to reduce energy, reducing energy related to compressed air leaks. It is reported that savings of the order of 20-30% can be obtained (Mining Industry Energy Bandwidth Study, 2007) . In some cases, specific operations such as milling of ores could be improved to the level of saving more than 50% of the energy (Wills, 1990; Sterling, 2008) . Technology plays an obviously important role in these efforts as, for instance, in the development of more efficient motors for pumps, the use of LED lights instead of conventional ones, and more. However, these are all technologies based on incremental improvements which are subjected to diminishing returns. That is, large improvements are possible in the case of inefficient producing systems, but once that the process has been optimized, further improvement are difficult and expensive.
TECHNOLOGY FOR INCREASING THE EFFICIENCY OF CONSUMPTION (INCLUDING RECYCLING)
There are several procedures proposed and in use for reducing the need of minerals in the industrial society. In general, these procedures involve using smaller amounts of materials, making products more durable and reusable, and recycling the materials contained in discarded products. It has been claimed, for instance, that in many cases a reduction of a factor of five in the amounts of materials required can be obtained (Von Weizsäcker et al., 2009) whereas other proposals involve "closing the cycle" of the materials used by means of redesigning the whole process of production and use [see e.g., the "cradle to cradle" proposal (Schnitzer et al., 2007) ].
Recovering minerals from waste is a well established procedure, although not always possible and never 100% efficient. For instance, recovering metals from incinerated urban waste is normally difficult and expensive; even though possible in some cases (Zhang and Itoh, 2006) . The idea of landfills as "mines" has been often proposed, but it is not easily implemented even though, recently, progress has been made in this field (Krook et al., 2013) . It is easier to develop specific procedures to separate waste at the origin and process relatively homogeneous waste. For instance, the materials contained in printed circuit boards are often recovered and recycled (Xiu et al., 2013) . There exist also specific lines of recycling for most common materials; typically metals. According to the USGS data, in the United States the average recycling rate is in the range of 30-50% in weight for the principal metals produced (Papp, 2010) . The maximum recycling rate reported www.frontiersin.org by Papp is for lead: 80.5% in 2009, subsequently slightly reduced to 79% in 2010. Some metals, iron, aluminum, and magnesium are recycled at levels near 50%; several other such as copper are recycled at around 30%. Less common metals have lower recycling rates and several are not recycled at all (Graedel et al., 2011) . In this field, new technologies can surely play an important roles, but mainly an incremental one, subjected to diminishing returns.
In general, all forms of recycling suffer of the diminishing return problem: recovering discarded materials becomes more expensive (in terms of energy) as we get closer to closing the cycle. That doesn't mean that 100% recycling is not possible. After all, land plants have been "mining" the Earth's crust for hundreds of millions of years and they never ran out of the minerals they needed. It means, however, that closing the cycle without changing the present manufacturing methods would be extremely energy expensive; in practice impossible today. If such a result is sought, manufacturing technologies would have to be redesigned in such a way to use materials and processes compatible with a reasonable amount of energy used in closing the cycle.
TECHNOLOGY FOR REPLACING SCARCE RESOURCES WITH ABUNDANT ONES (SUBSTITUTION)
The concept of "substitutability" in industrial processes was analyzed for the first time by Goeller and Weinberg (1976) as a way to overcome the mineral depletion problem. This paper was probably the first to address in a comprehensive way the possibility of substituting rare and depletable mineral resources with common ones in the crust which, in principle, wouldn't be easily depleted even in the long term. It proposed, for instance, to substitute copper wiring with aluminum wiring. As aluminum is a common element of the Earth crust; it would seem to be impossible to ever run out of it. The proposals by Goeller and Weinberg were reviewed, among others, by Ayres (2007) and Bardi (2011) . The general conclusion is that substitution is often -but not always -possible, but it is also expensive in terms of the energy required. For instance, substituting copper with aluminum requires more than four times as much energy for the same weight. Even taking into account that the density of aluminum is lower, and therefore more current can pass for the same weight, the disadvantage for aluminum is still of a factor of two in terms of the energy necessary for manufacturing a wire having the same electrical properties. In some cases, substitution appears to be an especially promising strategy, as new technologies permit to dispense of some materials altogether. An interesting example is the development of digital photography that has led to the near complete disappearance of silver containing photographic film. That, however, has led to no discernible slowdown in the production of silver from mines (Kramer, 2013 ). It appears that the silver that was made available in the market by the decline of the use in photography was used for other purposes. A good illustration that the so called "Jevons' paradox" is not a paradox but a common occurrence (Jevons, 1866) .
TECHNOLOGY IN THE FORM OF SUDDEN BREAKTHROUGHS
The concept of "technological breakthrough" is familiar to everyone, but how should it be interpreted as applied to mineral production? As mentioned in a previous section, the mining process can be seen as a multi-stage chemical reaction. Rearranging chemical bonds requires energy and the basic principles of thermodynamics insure that there exists a minimum amount of energy that must be spent in order to transform ores them into mineral commodities. Whatever breakthrough we can imagine in this field, it must still obey the laws of physics and, in particular, the laws of the conservation of energy. Minerals cannot be obtained for free.
Breakthroughs in mining might involve radically changing the sources of minerals, away from traditional ores. Some proposals in this sense are discussed in Bardi (2013a) , but it turns out that they are always expensive in terms of the energy needed. Such is the case, for instance, of extracting ions from the oceans, mining the asteroids, and creating heavy elements from light ones by nuclear reactions. Therefore, the only breakthrough that could beat depletion forever would be something that could produce large amounts of energy at low costs: that would be equivalent to creating a true "universal mining machine" that would be able to recover mineral commodities from ordinary rock. The possibility of such a development is often associated to new forms of nuclear energy and, indeed, in their 1976 paper on sustainability, Goeller and Weinberg (1976) took as an assumption the fact that in relatively short times the world's energy system would have been running on plutonium produced in "fast breeding" reactors. However, the plutonium based economy never materialized and, today, the production of nuclear energy is declining, a condition that can be attributed, at least in part, to the depletion of uranium mineral resources (Zittel et al., 2013) . Even though renewable energy may largely replace fossil fuels in the future (Jacobson and Delucchi, 2011) , it can hardly be imagined that renewables could provide the "quantum jump" that would lead us to being able of mining the undifferentiated Earth's crust or other bodies of the solar system. It is not possible to rule out that the promises of the 1950s in terms of cheap and abundant nuclear energy will someday materialize, but it is safe to say that betting on that doesn't look promising (Dittmar, 2012) . Technology produces no miracles, despite the most valiant efforts (Turiel, 2011) . This discussion cannot be exhaustive, but it has highlighted how technology should be discussed in view of real cases and not as a simple and non-independently measurable factor that enters highly aggregated models. If we break down the process of producing mineral commodities in its details, we see that there are many steps in which improved technology can reduce the need of energy or generate new processes which need smaller amounts of precious minerals. However, these are all approaches that are governed by the principle of diminishing returns. Technological progress itself seems to be affected by diminishing returns, as reported, for instance by Ayres (1998) and Tainter (2006) . So, technology can surely mitigate the depletion problem but cannot, by itself, substitute energy.
CONCLUSION
The various operations of producing mineral commodities are energy expensive because of the laws of physics: we need energy to break the chemical bonds that keep rock together, that bind atoms together, to lift and haul materials, and for more forms of processing. The fact that we can do that with the amount of primary production that we can manage today is due to the "energy loan" provided by geophysical processes that have used solar or geothermal energy over very long times in the past in order to lift the ores we use today to a sufficiently high exergy level. But, in the long run, we must repay that loan one way or another. Ore depletion is gradually transforming the Earth into the "Thanatia" world where all minerals are dispersed at their average concentration in the Earth's crust (Valero and Valero, 2012) . We are still far away from such a world, but in the long run it is unavoidable if we keep on mining the way we have been doing up to now.
In addition to the depletion problem, we must also take into account that the pollution produced by mining tends to increase as lower concentration ores are exploited. This kind of pollution is often cumulative and it persists in the environment for long times, as it is the case, for instance, of heavy metals and of carbon dioxide (CO 2 ). As we go on mining, even at reduced rates, this cumulative pollution will become more and more a burden in terms of damage done to the environment and to society in general. In some cases, pollution may be a more important factor than depletion in forcing the industry to reduce the production of a mineral commodity; this has been the case, for instance, of mercury which has been partly phased out of the world's industrial system because of its poisoning effects (Bardi and Pagani, 2007) . About fossil fuels, the debate is still ongoing on whether production will decline because of depletion and, therefore, ease or even solve the climate change problem or, rather, climate change will generate economic and political constraints that will force a decline in production. Several studies have been performed on this subject (e.g., Brecha, 2008; Kharecha and Hansen, 2008; Penuelas and Carnicer, 2010; Verbruggen and Marchohi Al, 2010; Zecca and Chiari, 2010; Schaltegger et al., 2012) without arriving to a definitive conclusion. Nevertheless, the ongoing increase of the CO 2 concentration in the atmosphere indicates that we should see climate constraints as more important than depletion in forcing a slowdown in the production of fossil fuels.
In this context, the term "technology" is often used as the miracle solution that will forever eliminate all fears of depletion and, at the same time, solve all pollution problems. Indeed, some current theories attempt to quantify how technology can increase production of declining mineral resources and some claim that depletion can be always overcome in this way. In practice, when the process of extraction and production is examined in detail, we see that there are no simple shortcuts that can bypass the basic physical factors involved. Unless we witness a true breakthrough that could substantially and rapidly increase the world's production of energy (without increasing pollution!), we must resign to the fact that the production of mineral commodities is destined to decline in the future or -which is the same -mineral commodities are going to continue their trend of increasing prices. In the future, the industrial society will have to learn how to function with a reduced supply of mineral resources: it can be done by becoming much more efficient and by using renewable materials and renewable sources of energy. It will also have to learn how to efficiently recycle resources in such a way to close -as much as possible -the production cycle.
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